Abstract. The elastic scattering between dark matter particles and radiation represents an attractive possibility to solve a number of discrepancies between observations and standard cold dark matter predictions, as the induced collisional damping would imply a suppression of small-scale structures. We consider this scenario and confront it with measurements of the ionization history of the Universe at several redshifts and with recent estimates of the counts of Milky Way satellite galaxies. We derive a conservative upper bound on the dark matterphoton elastic scattering cross section of σ γDM < 8×10 −10 σ T (m DM /GeV) at 95% CL, about one order of magnitude tighter than previous constraints from satellite number counts. Due to the strong degeneracies with astrophysical parameters, the bound on the dark matter-photon scattering cross section derived here is driven by the estimate of the number of Milky Way satellite galaxies. Finally, we also argue that future 21 cm probes could help in disentangling among possible non-cold dark matter candidates, such as interacting and warm dark matter scenarios. Let us emphasize that bounds of similar magnitude to the ones obtained here could be also derived for models with dark matter-neutrino interactions and would be as constraining as the tightest limits on such scenarios.
Introduction
The nature of the dark matter (DM) of our Universe still remains uncertain [1] [2] [3] [4] [5] [6] . Despite the fact that the existence of non-relativistic, cold DM (CDM) is in excellent agreement with cosmic microwave background (CMB) and large scale structure (LSS) data [7, 8] , there are a number of observations at small scales, which may indicate a departure from this picture. This is commonly referred to as the "small-scale crisis" of the standard CDM paradigm [9] , which arises from the fact that CDM numerical predictions for the abundances and the kinematics of gravitationally bound structures show some discrepancies with observations [10] [11] [12] [13] [14] . One of these discrepancies is the so-called "missing satellite problem": the fact that there are fewer observed satellites around our galaxy than the number predicted in CDM simulations [10, 11] (see however the recent Ref. [15] for a different perspective and reanalysis of this long-standing CDM problem). A number of dedicated simulations to set light on these issues have been carried out by different groups [16] [17] [18] [19] .
One very interesting possibility, extensively explored in the literature, is the case of the existence of DM candidates with non-negligible velocity dispersion at early times, which would result in the suppression of small-scale structures due to their free-streaming nature. Among this type of scenarios, warm DM (WDM) candidates with masses in the keV range could provide a solution to the missing satellite problem [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Indeed, the WDM hypothesis has received much attention due to claims of the detection of a monochromatic line at (3.5 − 3.6) keV in X-ray data from galaxy clusters, the galactic center and the cosmic X-ray background [38] [39] [40] [41] , which could potentially point to the radiative decay of a WDM keV sterile neutrino (ν s → γν). However, the most recent Lyman-α (Lyα) forest constraints suggest m WDM > (3 − 5) keV [42, 43] (for a thermal relic). In the case of sterile neutrino production via non-resonant active-sterile neutrino oscillations [44] , thermal equilibrium would never be reached, but one can relate the limit for thermal relics to the one for non-resonantly produced sterile neutrinos [45] , resulting in m s (20 − 30) keV.
Another very appealing scenario to solve the small-scale problem is to consider a DM candidate that interacts with relativistic particles (IDM for short) of the Standard Model (SM) [46] [47] [48] [49] (i.e., photons or neutrinos, or from a hidden sector [50] [51] [52] [53] [54] [55] ), with potential selfinteractions [52, [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] (see also Ref. [68] for a generic treatment of the IDM and WDM effects under the name "non-cold" DM scenarios). Elastic scatterings between the DM particles and photons or neutrinos would give rise to collisional damping [69] [70] [71] , which would erase small-scale structures and thus, could provide a mechanism to alleviate the aforementioned problems.
In the following, we shall focus on a generic IDM model involving DM-photon interactions, characterized by the elastic scattering cross section σ γDM . Even if the suppression of small-scale fluctuations in the IDM and WDM scenarios results from different physics (that is, collisional damping and free-streaming, respectively) it is possible to establish an approximate relation between the DM parameters that drive the small-scale suppression in these two scenarios (i.e., σ γDM and m WDM ). Both the IDM and the WDM schemes have been exhaustively confronted against different cosmological observations (CMB fluctuations and spectral distortions, galaxy clustering and Lyα forest power spectrum) [42, 43, 46-49, 68, 71-93] .
Notice that the DM model featuring a velocity-independent DM-γ scattering cross section considered in our work would correspond to millicharged DM. Indeed, the DM-γ cross section can be expressed as
where = |q|/e with q the DM electric charge and m e the electron mass. Stringent limits on such a model can be obtained using CMB and Lyα data [94] (see also Ref. [95] for a compilation of limits), 2) which are valid for m DM MeV.
In this work, we revisit the constraints on these non-CDM scenarios from the comparison of the predicted number of Milky Way (MW) satellite galaxies to the number estimated from actual observations. We consider the MW satellites recently discovered by the Dark Energy Survey (DES) [96, 97] , in addition to the eleven classical objects plus those detected by the Sloan Digital Sky Survey (SDSS) [98, 99] . The additional satellites, together with the assessment of the probability for a subhalo to form a galaxy [15] , change the expected bounds on the DM-photon elastic scattering cross section as compared to the earlier analysis of Ref. [49] , which we discuss. Moreover, we also study the impact, within these scenarios, of the small-scale suppression on the ionization history of the Universe. Because of the reduction of power at small scales, reionization would be delayed with respect to the standard CDM case [100] [101] [102] [103] . Whereas many works in the literature have been devoted to test the impact of WDM scenarios on reionization-related observables [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] , the modification of the ionization history of the Universe produced in IDM scenarios has only been recently addressed within a model with DM-hidden sector interactions [67] . Here, we consider measurements of the optical depth from the last scattering surface to reionization and of the ionization fraction at several redshifts. Given the current precision on these reionization observables and the (not yet fully understood) reionization efficiencies and thresholds, satellite galaxies counts turn out to provide the most powerful probe (among those used here) for testing IDM (as well as WDM) models.
A similar analysis could be performed for a DM coupling to dark radiation 1 or neutrinos. Unfortunately, the information necessary to perform the analyses in this work is not publicly available. Notice, though, that Ref. [48] shows the strong (qualitative and quantitative) similarities between the DM-neutrino and DM-photon interaction models. We will use those results to provide a rough estimate of the bounds on DM-neutrino interactions that could be obtained using the same method as the one presented here.
The structure of the paper is as follows. In Section 2, we describe the halo mass function obtained from numerical simulations of WDM and IDM scenarios and discuss the relation between σ γDM and m WDM , based on similar small-scale suppression. This will be later used in the computation of the ionization history of the Universe in Section 3, where we discuss how we calculate the evolution of the ionized fraction of the Universe and present the measurements we consider. In Section 4, we discuss the main ingredients entering the computation of the number of MW satellites in WDM and IDM scenarios and indicate the current observational data. Finally, in Section 5, we show the constraints on the DM-photon cross section and on the WDM mass, using the different data sets individually and when combined. In that section, even if it is not the main focus of this paper, we also briefly discuss the prospects from future measurements of the 21 cm signal of neutral hydrogen and how these observations could be used to test and disentangle from each other non-CDM scenarios, as the ones studied in this work. Finally, in Section 6, we summarize our results and draw our conclusions.
Halo mass function of non-standard dark matter scenarios
When studying the number of satellites of the MW or the ionization history of the Universe, the density perturbations at small scales have long gone non-linear and one has to make use of the results from high resolution N-body simulations in order to account for the properties of DM halos. The halo mass function, that counts the number of halos per unit halo mass and volume at a given redshift, can be written as [118] 
where n is the halo number density, ρ m = Ω m ρ c is the average matter density in the Universe at z = 0 and σ 2 = σ 2 (M, z) is the variance of density perturbations, which is a function of the halo mass M and redshift. The first-crossing distribution, f (ν), is expected to be a universal 1 Notice that in Ref. [52] , an attempt to model the halo mass function of ETHOS simulations is studied making use of a sharp power law cut-off, similarly to WDM. The authors, however, point out that this approximation ceases to be valid at low halo masses, as ETHOS models have more power in the primordial power spectrum in comparison with WDM at those scales. Ref. [117] precisely goes beyond such an approximation, providing the fit (2.11) for the DM-photon scattering case. Notice as well that the imprint of an ETHOS model on satellite number counts was considered in Ref. [52] , while its imprint on reionization observables was studied in Ref. [67] .
, with δ c = 1.686, the linearly extrapolated density for collapse at z = 0. From the Press-Schechter formalism [118, 119] , but considering an ellipsoidal collapse model, the Sheth-Tormen (ST) first-crossing distribution was obtained as [120] [121] [122] 
with p = 0.3, q = 0.707 and A = 0.3222. For the standard CDM scenario, we consider this first-crossing distribution. 2 As for the non-CDM scenarios we consider, we use the halo mass functions that match IDM and WDM simulations, as reported in Refs. [26, 123] . The dependence in the particular DM cosmological model is partially encoded in the variance of density perturbations. The redshift dependence is driven by the linear growth function, D(z) normalized to 1 at z = 0, so that the root-mean-square (rms) density fluctuation is σ(M, z) = σ(M, z = 0) D(z). The variance at z = 0, σ(M ) ≡ σ(M, z = 0), at a given scale R can be expressed as
where P X (k) is the linear power spectrum at z = 0 for a given X = {CDM, IDM or WDM} cosmology and W is the Fourier transform of a filter function, which is defined as a top-hat (TH) function in real space,
In this case, the mass M associated to the scale R is given by M = 4π 3 ρ m R 3 . In order to parameterize the small scale suppression of the power spectrum within a given model X = {IDM or WDM} with respect to the CDM case, one can express the ratio of CDM and X power spectra in terms of the transfer function T X , defined as 3 5) which can be parameterized in terms of a finite set of parameters and physical inputs, such as the WDM mass or the DM-photon elastic scattering cross section in IDM scenarios (see also Ref. [68] for a recent generalization to a larger set of non-CDM models). Here we consider the fits obtained in Ref. [20] for WDM and in Ref. [70] for IDM using the full perturbation evolution through a Boltzmann solver code. In those works the transfer function is expressed as
where µ is a dimensionless exponent which is obtained to be µ = 1.2 and α X is the breaking scale, whose parameterization in terms of the model parameters will be specified in the next subsections. In order to describe the suppression in the linear regime, one can consider the half-mode mass M hm , defined as the mass scale for which T X /T CDM = 1/2 (i.e., P X /P CDM = 1/4).
Using the general fit to the transfer function, Eq. (2.6), the half-mode length λ hm (λ ≡ 2π/k) and the half-mode mass M hm can be easily derived as
Warm dark matter scenarios
In the case of WDM scenarios, Refs. [26, 48] 
where an additional mass-dependent correction to the standard ST formalism, governed by two parameters, a and b, had to be introduced to reproduce the results of simulations [26] . The function
refers to the halo mass function obtained with a ST first-crossing distribution, as defined in Eq. (2.2), and a linear matter power spectrum corresponding to the WDM case. It was shown by Ref. [48] that the agreement with WDM simulations was largely improved for b = 0.5. 4 Therefore, in the following, when considering the WDM halo mass functions, we shall refer to Eq. (2.9) with a = −0.6 and b = 0.5.
Interacting dark matter scenarios
DM-photon interactions would give rise to large collisional damping effects that would also suppress the linear matter power spectrum at small scales [49, 70, 71, 81, 83] . In Ref. [70] , such a reduction of the power at small scales was accounted for by means of Eq. (2.6) with µ = 1.2, and parameterizing the breaking scale in terms of the DM-photon elastic scattering cross section,
where σ T = 6.65 × 10 −25 cm 2 is the Thompson cross section. Notice that the suppression in the power spectrum at small scales can also be accounted for by DM-neutrino interactions, described with the same parameterization for the transfer function, with a small correction in the breaking scale, α νDM 0.8 × α γDM [48] .
In Fig. 1 , we show the results of the fitting formula for two benchmark models. The curves for the transfer functions, obtained via Eq. (2.6) (using Eqs. (2.8) and (2.10) for the WDM and IDM scenarios, respectively) are compared to the transfer function for the IDM Figure 1 . Transfer functions for the IDM scenario calculated with the Boltzmann solver CLASS [124] (solid curves) and for the WDM and IDM scenarios using the fitting formula in Eq. (2.6), with Eqs. (2.8) and (2.10) (dashed curves). We compare the results for two cases (see Tab. 1) corresponding to the same half-mode length (i.e., the same half-mode mass M hm ) or, equivalently, to the same breaking scale α X = 0.0020 Mpc/h (leftmost red curves) and α X = 0.0071 Mpc/h (rightmost green curves). The corresponding values for the DM-photon elastic scattering cross section in IDM and the DM mass in WDM scenarios are: σ γDM = 6.3 × 10 −10 σ T (m DM /GeV) and m WDM = 2.15 keV (leftmost red curves) and σ γDM = 7.9×10 −11 σ T (m DM /GeV) and m WDM = 5.17 keV (rightmost green curves). The wave-mode number corresponding to the half-mode length in each case is depicted by the dotted vertical lines. Notice that the agreement is very good until the typical damping oscillatory effects in IDM models start to dominate and create oscillations in the power spectrum. case, computed numerically by means of the Boltzmann solver code CLASS [124] , where we have introduced the DM-photon interactions as described in Refs. [70, 81] . Notice that this parameterization provides an accurate description of the IDM transfer function until the damped oscillatory effects at small scales appear. However, the accuracy of this description is enough for our purposes, as we are mostly interested in the region where the difference between IDM and CDM is maximal, and at the scale where the damped oscillations appear, the height of the second maximum is already suppressed by more than one order of magnitude (see Fig. 1 and also, e.g., Ref. [70] ).
Even if the fits for the power spectrum in WDM and IDM look very similar for masses above the half-mode mass, the oscillations in the power spectrum that appear at small scales in IDM scenarios introduce differences in the description of the number density of halos. As was noticed in Ref. [48] , as a consequence of these oscillations, the number of low-mass structures in IDM is larger than in WDM scenarios and in order to reproduce the IDM results for masses below the half-mode mass, and extra mass-dependent correction must be introduced to the halo mass function [123] , refers to the standard ST firstcrossing distribution as defined in Eq. (2.2) and considering the CDM linear power spectrum for the variance of density perturbations. This approach has been shown to provide an excellent match to numerical simulations at z = 0 for σ γDM = 2.0 × 10 −9 σ T (m DM /GeV). Notice, though, that a wider range of DM-photon scattering cross sections were considered in Ref. [48] where the universal dependence (i. e., independent of the value of value of the cross section) for the IDM halo mass function was pointed out to exist (see also Ref. [125] , where the fit in Eq. (2.11) appears to describe the halo mass function of all simulated models). It is thus reasonable to assume that Eq. (2.11) represents a good description of all the models considered in this work and it is the one we implement in our numerical calculations. Let us also emphasize that the fit to the halo mass function depends on the parameters describing the IDM transfer function µ and α IDM in M hm .
As both IDM and WDM scenarios result in a suppression of the small-scale matter power spectrum, it is possible to establish an approximate connection among these two schemes above the half-mode mass. By equating Eqs. (2.8) and (2.10) one gets the correspondence
which relates the DM-photon elastic scattering cross section in IDM scenarios to the DM mass in the WDM case that give rise to similar suppression of the linear power spectrum. This would help to map the constraints obtained in IDM scenarios to those corresponding to WDM scenarios, and viceversa, when scales not much smaller than the half-mode length are being tested. In our calculations, for IDM scenarios we focus on the range σ γDM ∈ [10 −11 − 10 −8 ] σ T × (m DM /GeV), which according to the m DM − σ γDM relation above, corresponds roughly to m DM ∈ [1 − 12] keV in WDM scenarios. Notice, though, that Ref. [48] shows the strong (qualitative and quantitative) similarities between the DM-neutrino and DM-photon interaction models. We will use those results to provide a rough estimate of the bounds on DM-neutrino interactions that could be obtained using the same method as the one presented here.
Also notice that Ref. [48] showed indications that models with DM-neutrino interactions could be described in a very similar manner. In particular, from the performed simulations at z = 0, the cases of σ γDM = 2.9 × 10 −9 σ T (m DM /GeV) and of σ νDM = 2.0 × 10 −9 σ T (m DM /GeV) (for fixed half-mode mass) appear to result in very similar halo mass functions. We will consider this correspondence after deriving the bounds on IDM scenarios with DM-γ elastic scattering.
Ionization history of the universe
As mentioned in the introductory section, the properties of the DM component could have a significant impact on the ionization history of the Universe. These effects can be exploited to constrain both the IDM and the WDM scenarios described above by studying the evolution of different reionization observables, such as the total ionized fractionx i at different redshifts or the optical depth to reionization τ (see, e.g., Refs. [67, 100-102, 104-107, 110, 112, 126-128] for previous analyses in this direction).
Simulation and astrophysical parameters of the ionization history
For the purpose of studying constraints from the ionization history of the Universe, we make use of the publicly available code 21cmFast, based on excursion set formalism, perturbation theory and analytic prescriptions [129] . The code generates semi-analytic simulations of the evolved density, peculiar velocity, halo and ionization fields. While the main purpose of the code is the study of variations in the 21 cm signal due to changes in a given set of astrophysical and cosmological parameters, we use it here with the purpose of evaluating the ionization fraction evolution before and around the epoch of reionization (EoR) in different DM scenarios. We have adapted the default WDM implementation available in 21cmFast, in particular in the definition of the transfer function and of the halo mass function, so as to account for the IDM and WDM descriptions provided in Section 2.
Let us now describe the simplifying assumptions and ionization parameters considered in 21cmFast to evaluate the ionized fraction. The total ionized fractionx i , is given by the covering factor of the fully ionized HII regions Q HII , plus a contribution from the averaged ionized fraction of the neutral intergalactic medium (IGM), x e [130]
(3.1)
Notice that the most relevant contribution tox i at the epoch of reionization comes from Q HII . In 21cmFast, the latter is characterized by 5
where ζ UV is the UV ionization efficiency, which will be discussed below, and f coll (> M min vir ) denotes the fraction of mass collapsed into halos with mass large enough to host star-forming galaxies (i.e., M > M min vir , see below). The latter is defined in terms of the halo mass function for a given cosmology X, introduced in Section 2, as
On the other hand, the evolution of the local ionized fraction of the neutral IGM,
where
is the baryon number density, Λ ion the ionization rate, α A the case-A recombination coefficient, C ≡ n 2 e / n e 2 is the clumping factor (set to one as default), with n e the electron number density, and f H = n H /n b is the hydrogen number fraction. Eq. (3.4) is solved numerically by means of the 21cmFAST code, briefly described above. Once the ionization history is at hand, one can compute the optical depth to reionization τ , defined as
where σ T is the Thomson cross section and dl is the line-of-sight proper distance. 5 In 21cmFast the different fields, including ionization, are resolved on a grid. Except for parameters such as ζUV and Tvir, described below, we use the 21cmFAST default settings for our simulations corresponding to (200 Mpc) 3 comoving box with a 900 3 grid. Besides the DM parameters m DM and σ γDM , astrophysical parameters such as the ionization efficiency of UV photons, ζ UV , and the minimum virial temperature, T min vir (or equivalently the minimum virial mass M min vir , see below), have a strong impact on the evolution of x i . 6 It has already been pointed out that these parameters show degeneracies with the DM properties, affecting the small-scale matter power suppression (see, e.g., Refs. [100, 103] ). The UV ionizing efficiency ζ UV is assumed to be directly proportional to the fraction of ionizing photons escaping their host galaxy f esc , the number of ionizing photons per stellar baryons inside stars N γ and the fraction of baryons that form stars f (see, e.g., Ref. [130] ). Let us emphasize that ζ UV is assumed to be constant with redshift. The criterion encoded in the 21cmFast code for a region to be considered ionized is
Here, we allow ζ UV to vary in the range ζ UV ∈ [5, 80] (see, e.g., Refs. [103, 132] for previous analyses using similar ranges). Also, in Eqs. (3.3) and (3.6), the minimum virial halo mass, M min vir , can be related to the threshold temperature for halos to host star-forming galaxies, T min vir , as [133] M min vir (z) 10
The minimum value considered in this work is T min vir = 10 4 K, as lower temperatures have been shown to be insufficient to efficiently cool the halo gas through atomic cooling [134] [135] [136] [137] [138] , while we take an upper limit of T min vir ∼ 2 × 10 5 K [130, 139] . We take the same threshold temperature T min vir for halos hosting ionizing and X-ray sources. For illustrative purposes, in Fig. 2 we show the resulting ionization history for different benchmark scenarios (see Tab. 1), which are allowed at 95% confidence level (CL), to be discussed in Section 5.3: IDM (solid curves), WDM (dashed curves) and CDM (dotted curves), for two values of the ionization efficiency and of the minimum virial temperature: ζ UV = 30 with T min vir = 5 × 10 4 K (green curves) and ζ UV = 55 with T min vir = 10 5 K (red curves). The chosen values for the DM-photon elastic scattering cross section and the WDM mass are such that the half-mode mass is the same in the IDM and WDM scenarios. As can be seen from the figure (solid and dashed curves of each color), this results into very similar ionization histories, although WDM scenarios give rise to a slightly more delayed reionization 6 The value of ζX, the number of X-ray photons per solar mass in stars (that represents the X-ray efficiency) has been fixed to 10 56 M −1 , which approximately corresponds to NX 0.1 X-ray photons per stellar baryon. Note that, if varied within an order of magnitude, in consistency with the (0.5-8) keV integrated luminosity at z = 0 [131] , our results do not depend on the value of ζX. Nevertheless, a larger contribution from X-rays could have important consequences in more extreme scenarios [130] . than in the corresponding IDM scenarios. This is related to the extra amount of power at small scales in the IDM case with respect to the WDM case due to the oscillating matter power spectrum at scales smaller than λ hm . As mentioned above, this effect is at the origin of the slightly modified description of the halo mass function of the IDM scenario in Eq. (2.11), compared to the WDM case in Eq. (2.9) [48] . All in all, distinguishing these two scenarios using this type of observables would be a very challenging task (if possible at all).
Ionization history measurements
To jointly constrain the ionization history of the Universe and the DM properties, we exploit two sets of observables. First of all, we use measurements of the optical depth from the lastscattering surface to reionization, τ , which provides information on the integrated ionization history of the Universe and affects the CMB photon temperature and polarization spectra. Indeed, the most accurate measurements of τ are obtained by means of CMB data and consequently, for our numerical analyses, we impose a Gaussian prior on τ using the Planck measurement τ = 0.055 ± 0.009 [140] . We first calculate the redshift evolution of the total ionized fraction,x i (z), using the 21cmFAST code [129, 141] , as previously explained. Then, we determine the value of τ for each of the models studied here by means of the Boltzmann solver code CAMB (Code for Anisotropies in the Microwave Background) [142] [143] , as well as the distribution of dark gaps in quasar spectra at z = 5.6 and z = 5.9 [144] , indicate that reionization has to be completed by z ∼ 6. We consider this low-z set of measurements to further constrain the different model parameters. 7 On the other hand, we also use data from Lyα emission in star-forming galaxies at earlier times (z 7). Extrapolating the behavior at lower redshifts [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] , these results indicate that reionization is not complete at those epochs. Concretely, in this work, we consider data at z = 7 and z = 8 [159] , which use the models of Ref. [147] , and we refer to them as the high-z data set. A compilation of all data can be found in Ref. [160] .
Therefore, in practice, we compute three different χ 2 functions, one for each type of data (τ measurements, Gunn-Peterson optical depth and dark gaps in quasar spectra data, and high-z constraints from Lyα emission) and then we add them up. Tab. 3.2 shows the results of these measurements, together with their associated errors, for the Gunn-Peterson and high-redshift Lyα emission.
Number of Milky Way satellite galaxies
As previously discussed, the standard CDM framework may be facing a problem at subgalactic scales, the so-called "missing satellite problem". More specifically, the current number of observed satellite galaxies is N gal ∼ 50 [97] and extrapolations to the entire MW virial volume show that N gal ∼ 150 [161] are expected to be present, while CDM N-body simulations [14, 162, 163] predict that there should be N sub ∼ 1000 dark subhalos with M sub > 10 7 M . Nevertheless, this can be explained by the suppression of galaxy formation efficiency for low mass subhalos [164] [165] [166] . Therefore, the number of observed satellite galaxies does not seem to be in contradiction with numerical DM-only simulations, once the effects of baryons are included. Indeed, we will use these arguments to set a bound on the maximum amount of suppression which is allowed by current satellite counts. In what follows, we shall review the observational status and our treatment of the MW satellite galaxy counts.
Observational Status
The current number of discovered satellite galaxies in the MW is 54, out of which 11 are the so-called classical ones, 17 have been discovered by DES [96, 97] , 17 by SDSS [98, 99] and 9 have been found in other surveys (see Appendix A of Ref. [161] for a comprehensive catalog). Extrapolation to full sky of the total number of dwarf satellite galaxies in the MW has been a subject of intense study [161, [167] [168] [169] . We shall make use of the latest estimation [161] , which accounts for the latest DES discoveries and newer simulations, and leads to the constrain N gal > 85 at 95% CL across the entire sky. Finally, it is worth to note that the estimate of the number of satellites in the MW from Ref. [161] has been obtained from radial extrapolations of the subhalo distribution from CDM simulations. Nevertheless, the radial subhalo distribution has been shown to be fairly universal and independent of the DM properties [112] . Therefore, in the following, we will apply the bound
Number of subhalos in IDM scenarios
In order to set constraints on the IDM cross section, we now compute the number of satellite galaxies in the MW in terms of σ γDM . The most sophisticated and accurate way of performing this calculation is through N-body simulations, and this approach has been followed in the past for IDM [47, 49] (see also Refs. [28, 170] for the WDM case). Here, instead, we follow an analytical approach along the same lines of the recent Ref. [15] , circumventing the computationally expensive N-body simulations. This method requires as inputs the subhalo mass function for IDM cosmologies, and the probability for a subhalo to host a galaxy, f lum (M ). The number of subhalos is defined as [15] 
where M min is the minimum subhalo mass considered, M host is the mass of the host galaxy (in our case the MW) and dN/dM is the subhalo mass function. To obtain the number of satellite galaxies (namely, luminous subhalos) a correction to the above expression is required, so that the probability that a subhalo of a given mass hosts a luminous galaxy, f lum (M ), is accounted for and hence [15] ,
From N-body simulations within the CDM scenario, a fit to the subhalo mass function has been obtained in Ref. [171] ,
where K 0 = 1.88 × 10 −3 M −1 and χ = 1.87 are fitting parameters and M peak represents M 200 at peak (i.e., the maximum mass of a subhalo achieved over its history enclosed by a volume that is 200 ρ c , with ρ c the critical density of the Universe). Note that the number of subhalos also depends on the mass of the host halo. In the particular case of the MW, the range of values for the MW mass [172] introduces an additional uncertainty, which we take into account.
For the case of IDM scenarios, to the best of our knowledge, the only available N-body simulations are those from Ref. [47] , but unfortunately they did not provide a fit to the IDM subhalo mass function. Nevertheless, WDM simulations have shown that the suppression in the halo mass [26] and subhalo [28] mass functions are fairly similar, agreeing within 40%. Furthermore, the subhalo suppression is always more pronounced, as expected for non-CDM scenarios with reduced power at small scales. Therefore, following a conservative approach, for the IDM subhalo mass function we use the same parametric form of suppression, with respect to CDM, as given for halos in Eq. (2.11), namely,
with a = −1, b = 0.33, g = 1, c = 0.6 and M is the mass at z = 0, which is different from M peak due to the effect of tidal stripping. They are related with the scaling relation (M/M ) = (M peak /M ) 0.965 , which we obtain from a fit to the high-resolution halo catalog of the ELVIS simulation [163] . This is a conservative approach, as adopting this suppression should lead to a larger number of subhalos/galaxies than those resulting from dedicated IDM simulations. For the sake of comparison between IDM and WDM scenarios, we use of the following description of the WDM subhalo mass function [28] :
where g s = 2.7, b s = 0.99. Assuming all DM subhalos to host luminous galaxies would largely overestimate the number of visible satellites [173] [174] [175] . This is the reason why we have introduced the function f lum in Eq. (4.3). We shall follow the results of Ref. [171] for its description, bearing in mind they were obtained from a CDM merger history. In particular, the fraction of DM halos that host luminous galaxies, f lum , depends on the ionization model. Indeed, UV photons able to ionize hydrogen prevent sufficient cooling and gas accretion for star formation. The importance of this effect is actually encapsulated in the parameter T min vir , introduced in Section 3. Here, we directly use the results of Ref. [171] that explored possible scenarios with reionization redshifts z re = 14.4, 11.3 and 9.3. Their most conservative choice, giving rise to the largest number of satellite galaxies, is a model with a reionization redshift of z re = 9.3, and we focus on this particular realization. 8 The form of f lum is a fast-rising function at a particular value of the subhalo mass (close to a step-function) which depends on the reionization redshift, reaching f lum ∼ 0.5 at M ∼ 2 × 10 8 M for z re = 9.3 (see Fig. 12 of Ref. [171] ). Figure 3 . Constraints at 95% CL in the (σ γDM /m DM , ζ UV ) plane, from τ andx i measurements, for T min vir = 10 4 , 5 × 10 4 and 10 5 K (from left to right). The cyan (dark blue) contours denote the 95% CL allowed regions from high-z (low-z)x i data. The light green regions below these contours represent the 95% CL constraints from τ measurements. The dark purple regions denote the joint constraints from all three measurements.
In the next section, we use the results above in order to constraint IDM scenarios. In Section 5.2, we also provide a direct comparison between the results of the analytic approach followed here and those obtained in Ref. [47] , based on IDM simulations. They are consistent with each other, which establishes the validity of the method we follow.
Results and Prospects

Reionization constraints
The results from the analyses of the ionization history data are depicted in Fig. 3 , where we show the 95% CL bounds arising from the three different χ 2 analyses in the ((σ γDM /m DM ), ζ UV ) plane. We show one contour for each type of data (τ measurements in light green, GunnPeterson optical depth plus dark gaps in quasar spectra data at low-z in blue, and high-z constraints from Lyα emission in cyan). We also show the combined 95% CL region in dark purple. From left to right, the three panels illustrate the constraints for a value of the minimum virial temperature of T min vir = 10 4 , 5 × 10 4 and 10 5 K. First of all, notice that the τ measurement, being an integrated quantity, can only set modest constraints on the parameter space, as can be seen from the green contours in Fig. 3 (see also Ref. [67] for a related discussion). Furthermore, the larger the minimum virial temperature, the worse its constraining power, as even if larger values of T min vir imply lower values of τ , this effect can be easily compensated with a higher ionization efficiency, ζ UV . Even for the lowest T min vir = 10 4 K we consider (left panel), a larger value of σ γDM (i.e., a more important suppression of power at small scales that would delay reionization) could be compensated by a larger UV ionizing efficiency ζ UV . This shows the strong (positive) correlation of these two parameters. Indeed, a similar correlation appears for the high-z, Lyα emission data (cyan contours) for all values of T min vir : the smaller T min vir (i.e., the smaller the minimum mass for star formation and thus the earlier the period of reionization), the larger the value of ζ UV needed to recover consistency with data.
In addition, with the low-z data set, which indicatesx i 1 with a high degree of precision (see Tab. 3.2), one can further constrain the parameter space (see dark blue regions in Fig. 3) . In order to explain these data, a large ionization efficiency ζ UV > 30 is required to ensure that reionization is complete by z 5 − 6. As it might not be possible to compensate the delayed reionization caused by a large DM-photon cross section due to the suppression of power at small scales, this results into an upper bound on the cross section, σ γDM /σ T 4 × 10 −9 (m DM /GeV) at 95% CL, for all values of T min vir . Indeed, it appears that low and high-z data sets constrain different regions of the parameter space. Therefore, when these data sets are combined (see the dark purple contours in Fig. 3 ), upper (lower) bounds on the interacting DM cross section (UV efficiency) can be obtained. We would like to stress this point, as the combination of more precise low-z and high-z measurements of the ionization history could set strong limits to IDM scenarios or to any other non-CDM cosmologies. In this regard, 21 cm probes, which are expected to map the HI along the Universe's history and therefore cover a wide redshift range, may help in testing this type of scenarios (see Sec. 5.4).
Milky Way satellites constraints
We focus now on the constraints from MW satellite galaxies. By means of Eq. (4.3) with the CDM subhalo mass functions, and using the IDM subhalo suppression, Eq. (4.5), we have calculated the number of satellite galaxies in the MW as a function of the photon-DM elastic scattering cross section. Imposing the aforementioned 95% CL lower limit in the number of satellite galaxies (i.e., N gal > 85 [161] ), we obtain the bounds on the IDM cross section depicted by the blue curve in Fig. 4 . Notice that we show the results as a function of the MW mass M 200 MW , within its expected mass range [172] . The most conservative 95% CL upper limit on the IDM cross section is found for the highest value of M 200 MW considered here (i.e., (σ γDM /σ T ) < 8 × 10 −10 (m DM /GeV)). For the sake of completeness, we also show the 95% CL lower bounds on the WDM mass by the red curve in Fig. 4 . The most conservative 95% CL lower limit corresponds to m WDM > 2.8 keV (for a thermal candidate). Notice that these results imply an order of magnitude improvement on the DM-photon elastic scattering cross section over those previously obtained in Ref. [47] , while the bound on the WDM mass we find is very similar to the results from N-body simulations from Ref. [170] .
Let us now compare our results with those of previous analyses of MW satellite galaxies. While a direct comparison of the bounds from MW number counts derived here to the ones obtained in Ref. [47] is non-trivial, we nevertheless make a comparison to clearly state the validity of our method. In Ref. [47] , the cumulative number count of MW satellites was studied as a function of their maximal circular velocity, V max , the latter being a measure of their mass. In contrast, our method relies on the subhalo mass M . This implies that, for a direct comparison, we would need a relationship between V max and M for IDM, which is still missing in the literature. Furthermore, due to the finite resolution, Ref. [47] only considered subhalos with a maximum peak velocity V max > ∼ 8 km/s, while there are known satellites with V max ∼ 5.7 km/s [176] . We know, however, from WDM simulations [28] (that show a similar matter power suppression to that of IDM) that V max = 8 km/s corresponds to M sub ∼ 10 8 M . As a result, the total number of satellites with V max > 8 km/s is expected to be N sub (V max > 8 km/s) > 40 at 95% CL [177] . Finally, since the simulations in Ref. [47] only considered DM, they did not include the luminosity function of subhalos discussed above. This is the reason for using here the fraction of DM halos that host luminous galaxies f lum (M ) from CDM simulations (see Section 4.2 for the derivation of the constraints in Section 5.2).
All in all, in order to make a fair comparison with previous estimates, (a) we shall Figure 6 . Global constraints, at 95% CL, on the (σ γDM /m DM , ζ UV ) plane. We depict the allowed region from the combination of τ andx i data, after profiling over T compare subhalos and not galaxies; (b) we shall require that the minimum mass of the subhalos to be considered satisfies M min sub ∼ 10 8 M ; and (c) we should impose N sub > 40. The comparison of our results to those of Ref. [47] under these conditions is illustrated in Fig. 5 . The red dashed curve shows our results for a minimum subhalo mass M sub ∼ 10 8 M , see Eq. (4.3), which roughly corresponds to V max = 8 km/s. We also illustrate with the blue region the results we would obtain for a minimum subhalo mass within the interval M min sub ∈ [7 × 10 7 , 2 × 10 8 ] M . This blue region should be compared with the results based on IDM N-body simulations previously obtained in Ref. [47] , shown here with the red solid line. As the agreement between the two approaches is fairly good, the method used here to derive bounds on the IDM cross section using MW number counts is well justified.
Combination of constraints
In Fig. 6 we depict the 95% CL bounds from the global χ 2 analysis (profiling over T min vir ), by combining low-z (Gunn-Peterson and dark gaps in quasar spectra data) and high-zx i measurements together with the constraints on the reionization optical depth τ from the Planck satellite, in the ((σ γDM ), ζ UV ) plane. Notice the large degeneracy between the DMphoton cross section and the UV efficiency, already discussed in Section 5.1 and also present in Fig. 3 . We have superimposed the allowed regions from the MW satellite number counts likelihood. Note that for our estimates of the number of satellite galaxies, we have considered the most conservative reionization scenario from Ref. [171] to describe f lum , with z re = 9.3, and that different reionization redshifts would correspond to different values of T min vir (if all other parameters are fixed). From this perspective, we can assume to have already approximately marginalized with respect to T min vir (and ζ UV ) and thus, these bounds only depend on the IDM cross section. We report the 95% CL exclusion region derived from satellite counts assuming a MW mass of M 200 MW = 0.8 × 10 12 M (shaded blue region) and M 200 MW = 2.6 × 10 12 M (shaded orange region). These former bounds turn out to be the most stringent ones and help alleviating the strong degeneracy between σ γDM and ζ UV present with τ andx i data. Therefore, within the limited number of parameters considered in this work, the preferred values of ζ UV in IDM scenarios approximately coincide with those in the standard CDM case [130, 132] .
Recall, however, that the DM model featuring a velocity-independent DM-γ scattering cross section considered in our work would correspond to millicharged DM. The stringent limits on this model obtained in Ref. [94] translate into the constraint
valid for m DM MeV, and which is several orders of magnitude more constraining than the limit that we have derived from satellite number count. Now, the effects of DM-photon scattering on the observables considered here are expected to be very similar to those of DMneutrino interactions. Indeed, the suppression of power at small scales has been shown to be very similar in these two scenarios for the same halo half-mode mass [48] . Lacking dedicated fits for the halo mass function in the DM-neutrino scenario, a rough estimation of the limits on σ νDM can be obtained by rescaling the bounds derived here in terms of the half-mode mass. Noting that very similar half-mode masses are obtained for σ νDM ∼ 1.5 × σ γDM (see Sec. 2), the limits on σ νDM are expected to be in the range 10 −9 to 10 −10 ×σ T (m DM /GeV), which is similar to the constraints from Lyα, σ νDM 1.5 × 10 −9 σ T (m DM /GeV) [83] .
Imprint of IDM and WDM scenarios on the 21 cm signal
Finally, let us briefly discuss the IDM signature in other future cosmological observations. New insights on the EoR (z = 6 − 12) and the cosmic dawn (z ∼ 30) will be provided by the study of the redshifted 21 cm signal (in emission or absorption) from the primordial IGM, associated to the transition between singlet and triplet hyperfine levels of the hydrogen ground state. The observation of the 21 cm line signal represents several advantages compared to traditional cosmic and astrophysical probes (see, e.g., Ref. [178, 179] ). Given that hydrogen is the most abundant element in the Universe, this signal traces the baryonic matter density. By measuring the collective emission from large regions without resolving individual galaxies (intensity mapping), three-dimensional maps of the 21 cm signal could also be obtained. The first generation of radio interferometers testing the 21 cm signal includes the Low Frequency Array (LOFAR) [180] , the MIT EoR experiment [181] , the Murchison Widefield Array (MWA) [182, 183] and the Precision Array for Probing the Epoch of Reionization (PA-PER) [184] projects, which have already provided upper bounds on the 21 cm signal power spectrum [184, 185] . However, these first-generation experiments may not be able to make a definitive detection of the 21 cm signal [186] . The next generation of instruments, such as the Hydrogen Epoch of Reionization Array (HERA) [186, 187] and the Square Kilometer Array (SKA) [188] will benefit from a larger collecting area and are therefore expected to provide significant measurements of the 21 cm power spectrum. All these experiments will have to deal with foregrounds, that are ∼ 5 times stronger than the 21 cm cosmological signal (see, e.g., Ref. [186] for a summary of different avenues to solve the foregrounds issue).
At this point, let us also mention the recent detection claim of the sky-averaged global 21 cm signal at a redshift z ∼ 18 by the Experiment to Detect the Global Epoch of Reionization Signatures (EDGES) [189] . The reported absorption in the measured 21 cm global signal appears to be deeper than that expected in standard CDM scenarios and therefore it cannot be explained by any mechanism that gives rise to heating of the IGM (e.g., DM annihilations [190, 191] ). The IDM and WDM scenarios under study in this paper are also unlikely to explain this deep absorption, as they will only shift the absorption dip to later times, leaving unchanged the amplitude of the dip (see lower panels of Fig. 7) . In any case, the EDGES measurement would still need confirmation from observations in other instruments, such as the Large Aperture Experiment to Detect the Dark Ages (LEDA) [192] or via the detection of the 21 cm power spectrum in the redshift range covered by HERA or SKA.
The brightness of a patch of the IGM relative to the CMB is expressed in terms of the differential brightness temperature, δT b , and can be written as [179, [193] [194] [195] 
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where x HI represents the fraction of neutral hydrogen, δ b is the baryon overdensity, Ω b h 2 and Ω m h 2 refer to the current baryon and matter contribution to the Universe's mass-energy content, H(z) is the Hubble parameter and ∂v r /∂r is the comoving gradient of the peculiar velocity along the line of sight. The above expression is exact if ∂v r /∂r is constant over the width of the 21 cm line and ∂v r /∂r H. The ratio of the populations of the two ground state hyperfine levels of hydrogen is quantified by the spin temperature, T S , which is determined by three competing effects [196] : 1) absorption and stimulated emission of CMB photons; 2) atomic collisions, which are important at high redshifts, well before the EoR; and 3) resonant scattering of Lyα photons that turn on with the first sources, the so-called Wouthuysen-Field effect [197, 198] . The differential brightness temperature power spectrum is defined as
3) where δ D is the Dirac delta function, the brackets denote an ensemble average, and δ 21 (k, z) refers to the Fourier transform of δ 21 (x, z) = δT b (x, z)/δT b (z) − 1 where δT b (z) is the skyaveraged differential brightness temperature. The power spectrum P 21 (k, z) carries information about the correlations in the spin temperature field and is expected to provide the highest signal-to-noise ratio measurement of the 21 cm line around the EoR in the near future. The dimensionless 21 cm differential brightness temperature power spectrum, is defined as
In Fig. 7 , we show the 21 cm power spectrum, ∆ 2 21 (k, z), multiplied by δT b 2 , as a function of redshift at a fixed scale of k = 0.2 h/Mpc (top panels) and the corresponding δT b (z) (bottom panels) for CDM (dotted curves) and for the WDM (dashed curves) and IDM (by the solid curves) benchmark scenarios described in Tab. 1. These curves have been obtained with the public code 21cmFast [129] . One can see that, for the redshift range shown in Fig. 7 several typical features appear in both ∆ 2 21 (z) and δT b . They are directly related to the physical processes driving the 21 cm emission or absorption (see, e.g., Refs. [109, 179, 195] ). The power spectra (top panels) show a three-peak structure related, from left to right, to the EoR, the epoch of X-ray heating and the Lyα coupling. The skyaveraged signal appears to be in absorption until X-ray heating processes and in emission until the end of EoR. The expected sensitivities of the HERA350 configuration to 21 cm power spectrum measurements [186] are also shown for the IDM power spectrum in one of our benchmark models. These sensitivities have been obtained with the publicly available code 21cmSense [187, 199] . 9 We consider in all cases, a total observing time of 1080 hours and a bandwidth of 8 MHz, being both the default parameters in 21cmSense. The error bars have been computed for z = 8, 10, 12, 14, 16 and 20 and include thermal noise plus sample variance. The sensitivity is very good for z 16, especially around the X-ray heating and the EoR peaks. The left (right) panel of Fig. 7 , corresponds to a WDM/IDM scenario that produces a strong (weak) small scale suppression (see Tab. 1), within the allowed region by the measurements discussed in this work. We also show the results for the CDM case, obtained for the very same astrophysical parameters. Overall, WDM and IDM scenarios give rise to a delay in structure formation that shifts to later times the typical features in the 21 cm sky-averaged signal and power spectrum. The same effect was observed when we discussed reionization in Section 5.1 and it is more pronounced for the WDM case.
For a fixed value of the half-mode mass, there is a fall of power in ∆ 2 21 for IDM and WDM models, and a corresponding vanishing δT b , at very similar redshift, z ∼ 8, driven by the end 9 https://github.com/jpober/21cmSense of reionization, as expected from Fig. 2 . However, comparing IDM and WDM scenarios, the difference in the shifts of the second (X-ray heating) and third (Lyα coupling) peaks is more pronounced than in the first peak (EoR). Therefore, the differences between IDM and WDM cannot be simply compensated by a shift in the redshift evolution of the 21 cm signal (as it is the case, for instance, when changing T min vir [191] ). The larger number of low mass halos in the IDM case shifts the different milestone epochs of the 21 cm signal in a non-trivial and different way from the WDM case. This is very interesting, as points to a distinctive signature to disentangle these two scenarios, otherwise difficult to distinguish. Thus, in principle, barring out of the discussion astrophysical uncertainties, one could potentially be able to differentiate between IDM and WDM scenarios by studying the redshift interval between the reionization and the X-ray heating processes, although a dedicated analysis is beyond the scope of this paper. Obviously, for very small (large) values of the IDM cross section (WDM mass), distinguishing any of these scenarios (WDM, IDM and CDM) from each other would be even more challenging (see the right panels of Fig. 7 ).
Summary and conclusions
A number of observational probes of our Universe at galactic and subgalactic scales may require a modification to the standard CDM paradigm. These small-scale measurements indicate that (a) dwarf galaxies are hosted by halos that are less massive than those predicted in the CDM numerical simulations, and (b) the observed number of satellite galaxies that orbit close to the MW is smaller than that predicted within standard CDM cosmology. Possible avenues to overcome these problems have been proposed in the literature [36, 37] , ranging from lowering the total mass of the satellites by baryon or supernovae feedback effects [16] [17] [18] , by changes in the numerical simulations [27] or by modifying the DM model sector. Focusing on this last solution, possible modifications to the standard CDM paradigm include IDM scenarios (see, e.g., Ref. [49] ) and WDM candidates (such as sterile neutrinos) [25, 28, 34] , which attracted recently more attention due to possible hints in X-ray data [38] [39] [40] [41] . Here, we have focused on IDM scenarios (and its comparison with WDM scenarios), as they provide a possible solution to the small-scale crisis via collisional damping effects that would suppress the amount of small-scale structures. Nevertheless, the suppression of small structures would also directly impact on different cosmological observables. In this work we consider the impact of these non-CDM scenarios on reionization-related observables, along with constraints from the number of observed satellite galaxies of the MW.
After describing the halo mass function obtained from numerical simulations in the case of IDM (and WDM) scenarios (Section 2), we first study the effects on the ionization history of the Universe within this kind of scenarios (Fig. 2) , parameterized by the ratio of the DM-photon elastic scattering cross section, σ γDM : the IDM collisional damping would wash out small-scale overdensities, delaying the onset of reionization and thus, would affect reionization-related observables. We have considered three different types of measurements in order to constrain the IDM scenario. Namely, for our analyses we include the CMB Planck integrated optical depth τ , the Gunn-Peterson optical depth low-z data and high-z constraints from Lyα emission (Section 3). Nevertheless, the effects of collisional damping in IDM scenarios are somewhat degenerate with a number of (uncertain) astrophysical parameters governing the ionization processes in the Universe, as the minimum virial temperature T min vir and the UV ionization efficiency, ζ UV . Indeed, we have explicitly shown the degeneracy between ζ UV and σ γDM (Fig. 3) . Although current data are not precise enough to disen-tangle it, the combination of future low-z Gunn-Peterson and high-z measurements of the ionization history provides a promising tool to discard IDM scenarios. All in all, at present, the combination of reionization observables allows us to set an upper bound on IDM cross section, σ γDM < 4 × 10 −9 σ T × (m DM /GeV) at 95% CL.
These constraints are complemented by studying the predicted number of MW satellites as a function of the IDM cross section, which are also compared with the results in WDM scenarios using the DM mass as the free parameter (Section 4). We profit here from the recent updates in the statistics of MW satellite galaxy number counts: the eleven classical MW satellites, the seventeen objects discovered by DES [96, 97] , the seventeen satellites detected by SDSS [98, 99] and the nine objects found in other surveys [161] . Using the latest estimation for the number of satellite galaxies, N gal , of the MW, which accounts for the latest discoveries and recent N-body simulations, a lower bound was obtained, N gal > 85 at 95% CL [161] . This result is confronted with the predictions for IDM (and WDM) scenarios in order to constrain the IDM cross section (and WDM mass). For these estimates, we follow the analytical approach of Ref. [15] and take into account the probability of a subhalo to actually host a galaxy (Section 4). Our most conservative 95% CL upper limit on the IDM cross section is found for the highest value of the MW mass we consider (M 200 MW = 2.6 × 10 12 M ), σ γDM < 8 × 10 −10 σ T (m DM /GeV) (Fig. 4) , which implies an order of magnitude improvement over the limits on the DM-photon elastic scattering cross section obtained in Ref. [47] . Nevertheless, we have also shown that under the same assumptions and using the same set of data, we can approximately recover the results of this previous work (Fig. 5) . In case that the MW mass is M 200 MW = 0.8 × 10 12 M , the resulting 95% CL upper limit on the IDM cross section is found to be σ γDM < 9 × 10 −11 σ T (m DM /GeV). Note that recent analyses using Gaia data point toward the lower side range of MW masses that we consider [200] [201] [202] [203] .
Throughout this paper, we have also discussed the impact of another non-CDM scenario, as it is the case of WDM candidates. This scenario could also potentially solve discrepancies observed at galactic and subgalactic scales. Due to their free-streaming, WDM particles would also lead to a suppression in the small-scale power spectrum. Indeed, it is possible to establish an approximate connection between the power spectrum in these two non-CDM scenarios (Fig. 1) , in terms of the scale at which the transfer function is reduced by half, although the connection between the number of low-mass halos requires additional corrections (Section 2). Therefore, in a similar way we can obtain an upper limit on the IDM cross section, we can also obtain a lower limit on the WDM mass. Using MW satellite galaxy counts and similarly as done for IDM, we get m WDM > 2.8 keV at 95% CL for a thermal candidate (or m s > 16 keV at 95% CL for a non-resonantly produced sterile neutrino) for M 200 MW = 2.6 × 10 12 M (Fig. 4) . These results indicate that currently, among the different data sets used in this analysis, the most restricting one for the non-CDM scenarios considered is the estimated number of MW satellite galaxies (Fig. 6) . Notice, though, that since DM-photon interactions of the type considered in this work imply DM-nucleon interactions with a Rutherford-like cross section, Lyα and CMB data set more stringent constraints on the latter than the bounds obtained here. We argue, however, that the method use could be applied to any other IDM model with DM-radiation interaction. In particular, in the case of DM-neutrino interactions, the bounds derived in this work are among the most constraining limits on such scenario.
Note that the approximate connection that can be established between IDM and WDM scenarios also implies that they give rise to very similar effects in the observables we have considered and thus, the IDM cross section is (almost) fully degenerate with the WDM mass. Therefore, distinguishing them using this type of data would be a very challenging task. Nevertheless, we have also briefly discussed the potential distinctive signatures of these scenarios in future cosmological measurements of the 21 cm hydrogen line (Section 5.4), which will probe the Universe evolution beyond the EoR. In particular, IDM scenarios could give rise to a larger relative shift in redshift between the characteristic features of the 21 cm power spectrum and of the sky-averaged global brightness temperature than WDM scenarios with the same half-mode mass. Therefore, future, very large radio interferometers, as HERA or SKA, may also be important tools to shed light on the nature of DM particles and on their precise clustering and interacting properties.
